e tube-crushing dissipator is widely used in engineering, but it has the eccentricity problem. erefore, a symmetric tubecrushing dissipator was proposed in this article, and quasistatic and dynamic tests were performed to compare mechanical properties of the tube-crushing dissipators and the symmetric tube-crushing dissipators. e results of the quasistatic tests show that the working force of the tube-crushing dissipators fluctuates around an average value which is about 20% smaller than the activation threshold after activation, while the working force fluctuates around an average value which is approximately equal to the activation threshold after activation. e results of the dynamic tests show that mean force at the crushing section of the tubecrushing dissipators and the symmetric tube-crushing dissipators increases with the increase of the impact velocity. Furthermore, the dynamic load-displacement curves are more volatile than those of the static tests. erefore, dynamic tests which are more similar to the real working conditions of the dissipators are preferable over static tests. In addition, the metal tubes of the symmetric tube-crushing dissipators collapse vertically both in the quasistatic and dynamic tests; that is, the eccentricity problem of the tube-crushing dissipators is overcome by the symmetric tube-crushing dissipators.
Introduction
Rockfall hazards occur frequently in mountainous areas, which are potential dangers to transportation facilities and human safety. A great amount of rockfall retention systems with different retention capacities are adopted to mitigate or eliminate the consequences of rockfall hazards, such as rigid walls [1] , active and passive flexible net systems [2] , flexible rock-sheds [3] , etc. Among the above technological solutions, passive flexible net systems are the most widely used solutions due to their wide retention capacity range, which are composed of steel posts, steel nets, supporting and anchoring ropes, and energy dissipators.
e energy dissipators are the devices that limit the maximum forces acting on the anchorage and absorb parts of the impact energy of the rockfalls by pure friction, partial failure, plastic deformation, or mixed friction and plastic deformation [4] . Ring brake, double-U ring brake, U-shape dissipator, and the tube-crushing dissipator are the most widely used dissipators in rockfall engineering (Figure 1) , wherein, the mechanical properties of the ring brake [5] , double-U ring brake [6] , and U-shape dissipator [7] have been investigated, while there is little research regarding the tube-crushing dissipator.
To better understand the energy-absorption mechanism and capacity of the energy dissipators, both quasistatic and dynamic tests are needed. e quasistatic tests are mainly performed in a horizontal or vertical traction machine, with one cable end of the dissipator fixed and the other cable end pulled [7] [8] [9] [10] . e aim of the dynamic tests is to approximate more to real conditions, and the tests can be conducted in the following three ways. e first way is to fix one cable end of the energy dissipator to a hanging point and connect the other cable end to a block, and then the block is hoisted to a certain height and dropped freely [10, 11] . e second way is to connect the energy dissipator to a horizontal cable anchored at both ends and let a block vertically impact the cable [12, 13] . e last way is to study the dynamic behavior of energy dissipators by carrying out an in situ impact test on a full barrier [14] . Among the above three ways, the first way is more operable for its simplicity.
e metal-tube-crushing dissipator is composed of two metal tubes, two steel cables, and two rigid perforated plugs at the ends, as shown in Figure 2 (a). e steel cables pass through the tubes with one end fixed by aluminum sleeves outside the perforated plugs. When impacted by rockfalls, the two steel cables move in opposite directions, which makes the plugs press against the metal tubes. e metal tubes buckle under the pressure of perforated plugs with plastic deformation and absorb energy at the same time. A circular tube may deform in an axisymmetric mode, nonsymmetric mode, mixed mode, or Euler mode, which mainly depends on its diameter, thickness, and length [16] . e axisymmetric mode theory was first proposed by Alexander [17] and developed by Abramowicz and Jones [18, 19] , Grzebieta [20] , etc. e nonsymmetric mode was studied by Pugsley and Macaulay [21] , Abramowicz and Jones [18, 19] , Singace [22] , etc. All these theories could provide reference for the design of the metal-tube-crushing dissipators.
Former research shows that the tube-crushing dissipator has the problem of torque generation because of eccentricity [15] , which may cause the collapse mode of metal tube changes from vertical collapse to oblique collapse and increase the difficulty of energy dissipation analysis, as shown in Figure 2(b) . erefore, the main purpose of this article is to propose a symmetric tube-crushing dissipator to overcome the existing problems of the tube-crushing dissipator and compare static and dynamic mechanical properties of the tube-crushing dissipator and the symmetric tubecrushing dissipator by static and dynamic tests, which will provide reference for the design and engineering application of the symmetric tube-crushing dissipators.
Proposal of a Symmetric Tube-Crushing Dissipator
To overcome the eccentricity problem of the tube-crushing dissipator, a symmetric tube-crushing dissipator was proposed in this article, which had been applied for a patent [23] . e symmetric tube-crushing dissipator is composed of four steel cables, four circular metal tubes, and two plugs at the end, as shown in Figure 3 . e plugs are cuboid metal blocks with two sets of symmetric counterbore holes, which are used to constrain the ends of metal tubes and pass through the steel cables. e steel cables pass through the metal tubes, with one end anchored outside the plug by aluminum sleeves and the other end passing through the plug at the other side symmetrically. Steel cables passing through the same plug are combined together by the aluminum sleeves, and the resultant force lies on the central connecting line of the plugs.
Quasistatic and Dynamic Tests

Quasistatic Tests.
e quasistatic tests of the tubecrushing dissipators and the symmetric tube-crushing dissipators were performed on a RGM-100KN universal test machine and a WAW-1000KN universal test machine, respectively, as shown is Figure 4 . e 304 stainless steel tubes were used in the quasistatic tests, and parameters of the tubes are listed in Table 1 . Considering the size of the energy dissipators, the tensile distance in the static tests was set to 200 mm. e static tests were controlled by the displacement rate with a value of 20 mm/min. e tests were divided into three groups according to the thickness of the metal tubes, and three test samples of the same batch were selected for the same group of tests.
Dynamic Tests.
e dimensions of the tube-crushing dissipators and the symmetric tube-crushing dissipators used in the dynamic tests were consistent with those in the static test, and the thickness of the metal tubes was 0.4 mm. e experimental setup of the dynamic tests is shown in Figure 5 . e force sensor is hung on the steel beam which was fixed to the reaction frames. One steel cable end of the energy dissipator is connected to the sensor hung on the steel beam, and the other end is connected to the rockfall. e rockfall is a precast sphere block with a diameter of 0.4 m and a mass of 80 kg. e rockfall was hoisted by a crane to a certain height and released by an automatic pneumatic release device. e vertical height from the steel beam to the ground is about 5.0 m. Considering the lengths of the dissipators and limitations of the connecting steel cables, three dynamic tests of the tube-crushing dissipators and two dynamic tests of the symmetric tube-crushing dissipators were conducted, respectively, and the free-falling distances were controlled by the lift heights and the cable lengths. If the vertical height is too small, the dissipator cannot be activated. If the vertical height is too big, the dissipator will hit the ground before activation. e free-falling distances and initial impact velocities of the rockfall in the dynamic tests were calculated using the time span from the rockfall release to the steel cables in tension recorded by the highspeed camera, as listed in Table 2 . To make the data more accurate, future work of more tests and numerical simulations validated by tests should be conducted. e dynamic data acquisition system includes a force sensor, a strain adaptor, a dynamic data acquisition instrument, and a high-speed camera (see Figure 6 ). e force sensor used in the test has a range of 0-200 kN and a sensitivity of 1.4484 mV/V. e TEST3810 strain adaptor was used to transfer the voltage data. e TEST6200 dynamic data acquisition instrument with a sampling frequency of 20 kHz was used to record the dynamic data, which was processed by an accompanying software in the laptop. A Sony camera with a speed of 300 frames/s was used to record the entire impact process.
Results and Discussion
Static Test Results
Result Analysis.
Although the thicknesses of the metal tubes are different, the static tensile processes of the three groups for each type are almost the same, as shown in Figures 7 and 8.
e load-displacement curves obtained from the static tests are shown in Figures 9 and 10 , and the average load-displacement curves are shown in Figure 11 .
Taking the tensile load-displacement curve of sample 1(tube-crushing dissipator) with a metal tube thickness of 0.5 mm as an example, the quasistatic tensile process of the tube-crushing dissipator and the symmetric tube-crushing dissipator can be divided into three sections, as shown in Figure 12 . e first section is the activation section or the elastic section, where the force increases linearly with the increase of the displacement until the load reaches the activation force threshold of the energy dissipator. After the force reaches the activation force threshold, the loaddisplacement curve rapidly drops and forms a trough. Under the action of the pulling force, the energy dissipator continuously buckles to form folds, and the loaddisplacement curve forms new wave peaks and troughs. e section could be called the crushing section, which is also the main energy absorption section of the dissipators. e last section is the failure section, where the metal tubes fully collapse, and the load-displacement curve rises sharply.
e system behaves like a single cable because it is the steel cables that bear the load.
e energy absorbed by the energy dissipators can be calculated according to integral of the load-displacement curves obtained from the tests [14] , which is expressed as follows: 
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where δ denotes the tensile displacement of the energy dissipator, F(δ) denotes the load corresponding to the displacement δ, and s denotes the maximum displacement of the crushing section. erefore, the average force at crushing section of the energy dissipators can be obtained by the following formula:
where F m denotes the average force at crushing section, δ denotes the tensile displacement of the energy dissipator, and L 1 and L 2 denote the start displacement and finish displacement of the crushing section, respectively. e activation force threshold, absorbed energy, and mean force at the crushing section of the dissipators are the main mechanical parameters related to engineering application, and the values of which for the tube-crushing dissipators and the symmetric tube-crushing dissipators in the 
e latter are about 89.2%, 101.5%, and 93.3% of the former. Apparently, the activation force thresholds and the mean forces at the crushing section of the tube-crushing dissipators and the symmetric tube-crushing dissipators increase with the thickness of the metal tubes. For the tube-crushing dissipators, the working force decreases obviously after activation and then fluctuates around an average value which is about 20% smaller than the activation threshold. For the symmetric tube-crushing dissipators, the working force fluctuates around an average value which is approximately equal to the activation threshold after activation. Figure 13 shows the typical impact process of the tube-crushing dissipators and the symmetric tube-crushing dissipators. After released by the pneumatic release system, the rockfall fell freely until the steel cables of the dissipator were in tension.
Dynamic Test Results.
e upper plug moved downward due to the traction of the steel cables, while the lower plug remained stationary. As a result, the metal tubes were crushed and the energy was dissipated.
e dynamic tensile load-time curves of the tubecrushing dissipators and the symmetric tube-crushing dissipators obtained from the tests are shown in Figures 14 and  15 , and the pictures of the dissipators after dynamic impact are shown in Figures 16 and 17 . Similar to the static tensile load-displacement curves, the dynamic tensile load-time curves can also be divided into the activation section, the crushing section, and the failure section. If the tubes collapse fully before the rockfall stops, the failure section could be found in the dynamic load-time curve, where the curve rises sharply to a peak and goes down until the rockfall stops, as . e dynamic compression times were the time span from the dissipator activation to the tubes full collapse or the rockfall stop. When the full-scale barriers were hit by rockfalls, dissipators mounted on steel cables will also experience a similar process in the dynamic tests of this article. e compression distances of the dissipators were recorded after the dynamic tests, and the total energy absorbed during the dynamic test could be calculated using the free-falling distances of the rockfall and the compression distances of the dissipators, as listed in Tables 5 and 6. e motion direction and the perforated plug positions of the dissipators changed all the time during the impact process. ough the dynamic tests were recorded using a high-speed video camera, the time-distance curves extracted from the videos are not so accurate. In the dynamic tests, the force fluctuates around an average value after activation approximately. erefore, a constant deceleration results in a linear velocity decrease of the block and parabolic braking curve over time. To simplify the data processing, the supposition of a linear relationship between displacement and time is adopted in this article [11] , and the accuracy should be validated by numerical simulations. erefore, the loadtime curves of the tube-crushing dissipators and the symmetric tube-crushing dissipators obtained from dynamic tests could be converted to the load-displacement curves, as shown in Figures 18 and 19 .
Similarly, the activation force threshold, absorbed energy, and mean force at the crushing section of the dissipators could be obtained using formulas (1) and (2), and the results are listed in Tables 5 and 6 . As can be seen from In addition, the dynamic load-displacement curves are more volatile than those of the static tests. erefore, dynamic tests which are more similar to the real working conditions of the dissipators should be performed before engineering application.
Discussion
In quasistatic tests, mean forces at the crushing section of the dissipators increase with the thickness of the metal tubes. In dynamic tests, mean force at the crushing section of the dissipators increases with the increase of the impact velocity, while the tube thickness remains the same. Combing with these two conclusions, mean forces at the crushing section of the dissipators increase with tube thickness when velocity remains the same; mean forces at the crushing section of the metal-tube-crushing dissipators increase with impact velocity when tube thickness remains the same.
As can be seen from Figures 7 and 16 , the two steel cables of the tube-crushing dissipator are not in a straight line. Torque generates under the action of the pulling force because of eccentricity; as a result, the perforated plugs deflect during the tensile process. erefore, the vertical relationship between perforated plugs and metal tubes shifts, and the metal tube collapse mode changes from vertical collapse to oblique collapse, which increases the difficulty of energy dissipation and energy consumption analysis of the dissipator. In addition, local stress occurs at the contact between the steel cables and the plugs.
e sliding friction 
Advances in Civil Engineering
between the steel cables and plugs may cause local abrasion or even breakage of the steel cables, which is a potential safety danger, as shown in Figure 20 .
As can be seen from Figures 8 and 17 , the steel cables of the symmetric tube-crushing dissipators are symmetric, and the resultant force of the dissipators lies on the central Advances in Civil Engineeringconnecting line of the plugs. e metal tubes collapse vertically both in the quasistatic and dynamic tests, and the friction between the steel cables and the plugs could be negligible. at is, the eccentricity problem of the tubecrushing dissipators is overcome by the symmetric tubecrushing dissipators.
Conclusions
To overcome the eccentricity problem of the tube-crushing dissipator, a symmetric tube-crushing dissipator was proposed. en, static and dynamic tests were performed to compare mechanical properties of the tube-crushing dissipators and the symmetric tube-crushing dissipators, and the following conclusions could be drawn:
(1) e quasistatic tensile process of the dissipators can be divided into three sections, that is, the activation section, the crushing section, and the failure section. Herein, the crushing section is the main energy absorption section of the dissipators. Furthermore, the mean forces at the crushing section are about 79.1%, 78.5%, and 77.0% of the activation force thresholds for the tube-crushing dissipators, which means the working force decreases obviously after activation and then fluctuates around an average value which is about 20% smaller than the activation threshold. e mean forces at the crushing section are about 89.2%, 101.5%, and 93.3% of the activation force thresholds for the symmetric tube-crushing dissipators, which means the working force fluctuates around an average value which is approximately equal to the activation threshold. (2) e dynamic tensile load-time curves of the dissipators can also be divided into the activation section, the crushing section, and the failure section. Furthermore, mean force at the crushing section of the tube-crushing dissipators and the symmetric tube-crushing dissipators increases with the increase of the impact velocity. force because of eccentricity for the tube-crushing dissipators, and the perforated plugs deflect during the tensile process. Also, local stress occurs at the contact between the steel cables and the plugs. e sliding friction between the steel cables and plugs may cause local abrasion or even breakage of the steel cables, which is a potential safety danger. For the symmetric tube-crushing dissipators, the metal tubes collapse vertically both in the quasistatic and dynamic tests, and the friction between the steel cables and the plugs could be negligible. at is, the eccentricity problem of the tube-crushing dissipators is overcome by the symmetric tube-crushing dissipators.
Data Availability
e data used to support the findings of this study are available from the corresponding author upon request. 
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